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INTRODUCTION 

Kext-goneration  RADAR  and  ELTN'I  systems  are  planned  to  provide 
the  field  commander  vjith  cor.iprehensive  intelligence  on  the  disposition 
of  enemy  \veiif)ons  and  electronics  eqrJ proent . Ultra-compact  signal  proc- 
essors mlth  i nprcccdentfcd  capabilities  are  the  heart  of  these  systems, 
lahricatlon  of  tlie  required  high-density  integrated  circuits  (IC's), 
with  el'.ments  in  the  micron  to  suhmicion  range,  is  beyond  the  resolu- 
tion limit  of  state-of-the-art  optical  photolithography.  Electrons 
with  10-20  keV  energies  can  be  accurately  focused  to  beam  diameters 
much,  less  than  a micron.  Elccti'on-hea.m  lithography  (EEL)  meets  the 
projected  resolution  requi rciacnts , and  is  expected  to  be  a key  tech- 
nology for  the  production  of  sophisticated  new  digital  c.ommunicati ons 
systems  for  the  Army. 

Like  the  photolithographic  IC  production  technicpie,  EEL  is  also 
totally  dependent  upon  orgr.nic  pc'^>nr.er  resists  for  pattcrsi  <leiineat i(;n . 
In  EEL  processing,  a 5,000-10,000  .Y  resist  film  is  spun  onto  the  inono- 
lithic  IC  suhstiate.  IC  patterns  are  then  written  into  the  resist  with 
the  finely  focused  electron  l)cn:n.  E-beain  irradiation  decreases  or  in- 
creases the  resist  mole.c.ulai-  weight,  which,  in  turn.  Increases  or  de- 
creases the  dissolution  rate  relative  to  the  unirradiated  portion  of 
the  resist  layer.  When  tlic  irradiated  resist  pattern  dissolves  at  a 
faster  rate,  an  Indented  image  is  formed,  and  the  resist  is  termed  a 
positivt'  acting  resist  (.see  i’ignre  1).  If  tlie  op)>o.site  ('ccu)s,  the 
resist  is  teniedi  to  be  negative,  in  function  (see  Elgure  2). 

Economical  EEi,  production  hinges  upon  the  resist  sensitivity. 
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Figure  1.  Scanning  electron  micrograph  of  developed  electron-beam 
etched  lines  in  poly(Tiethyl  methacrylate). 


Figure  2.  Scanning  electron  micrograph  of  developed  electron-beam 
etched  lines  in  poly(alpha-chloroacrylonltrile) , 
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which  {’.ovcTiis  the  electron  wrlLiiif.  time  per  w.ifer.  i'lie  ol)jcctlve  of 
our  work  Is  ti  set  of  sc'iisitive  resists  with  v.irvii>j>  properties  for 
tl»e  production  of  next-p.enerat ion  hi ph-per form.ince  military  iC  di'vices. 
Early  efforts  in  tills  technological  ai'ea  have  been  larpely  based  upon 
tile  ava  11  ai)  i I i t y of  commercial  polyniers.  In  tills  work,  we  apply  basic 
radiation-chemistry  print' ijiles,  wlilcli  were  more  or  less  disregarded 
jircviously,  to  tievise  and  develoji  liipli-merlt  polymer  resists. 

ICMITATION  EFl’ECTS  AND  MEASUREMENT  TECHNIQUES 

Wlicn  a polymer  resist  is  irraditited  in-vacno  \jitli  10-20  keV  elec- 
trons (or  equivalent  pamma-i rrad iat i on) , both  ciicmical  and  physical 
clianpes  occur.  First,  the  polymer  molecular  weipiit  clianges  due  to 
bond-scission  or  crossl inkinp. 

Chanpes  in  number-averaped  molecular  weiplit , M,^,  obey  tlie 
eqtKition:  (1) 

rr^  = rr^  + fo  -g  "i  d/ioo  n.  (o 

n n,o|_sxj  A 

where  Gfj  and  Gx  are  the  radiation  scission  and  crosslinkinp  yields 
100  eV  absorbed  dose,  N;\  Avopodro's  numiier,  and  D t lie  radiation  dose. 
Similarly,  the.  weipliL-tiverapetl  molecular  wciplu  , M^.,,  follows  the 
eqiuitlon:  (2) 

M~'  = m"^  + \g  -AG  ] D/200  NF  (2) 

ww,o[sxJ  A 

Tims  if  (M  ) and  (M  ) are  followed  as  a function  of  dose,  G..  and  (h. 
may  be  obtained  from  tlie  slopes  of  the.  two  independent  detcrmintit.ions. 
Values  of  M,^  are  usually  obtainet!  by  membrane  osmometry,  wliile  M^  is 
obtained  by  eitlior  pel  permeation  cliromaLopraphy  (3)  or  liplit  scatter- 
Inp  teclinique.s  (3).  For  G^  priHiominant  the  resist  is  por.itive;  for 
G^,  nepative. 

When  jiolyaners  underpo  radial  Jon-induced  main-c.lialn  scissions,  tlie 
formation  tif  free  radlc.tls  is  a r.oiiseqiieiice . Under  certain  coiulitions 
some  of  ttiosi'  railictils  tire  stable  enoupli  to  be  observcil  by  elect  ron 
partimapnet Lc  vesontincc  techniques  (A).  As  in  scission  and  cross- 
IJiikiiip,  raditilii'ii  processes,  radiat  ion-scission  rtuiical  values,  G(rtids), 
ctin  he  metisnreti.  Polymers  witli  hipli  G(rads)  are  tilso  found  to  iiavc 
hipli  G.s-Gx  or  G^  (f)). 

Tlie  last  teolini (jne , hut  most  import  tint  to  electron  resist  re- 
searchers, is  the  direct  e-l)otim  sensitivity  (Q)  methoil.  Q is  the  tottil 
absorbed  e-he.nn  dose  in  couJ omhs/cm-  tind  is  nietisiiroti  liy  sctiniiinp. 
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j electron  microscopy  tecliniques.  Tor  a jiosltive  resist,  Q is  defined 

[ ' • as  tiie  dose  at  wliicli  ZOZ  of  llie  unexposod  resist  is  rimioved  durinp,  de- 

velopment for  complete  dissolution  of  the  irradiated  heam  pattern  aiea. 

This  is  also  equivalent  to  a dissolution  rate  ratio,  dj , 

^unir rad  iati’d  , of  b.  For  a negative  resi^:t,  Q is  del  ined  as  the 
dose  at  wliich  a 50%  thickness  of  irradlateil  resist  rem.iins  follovv’lng 
total  development  dissi'lution  of  the  unexposeJ  resist  portion. 

All  of  the  tcc.hni<|ues  discussed  above  are  capable  of  measuring 
the  radiation  degradation  or  crosslinking  susceptibility  of  a pol\micr 
resist  systtmi.  The  independent  C valiu'S  have  been  found  to  be  well 
correlated  (7). 

POLYMF.R  RFSTST  STIbMT'.CY 

Before  directly  testing  a polNmier  as  a predetermined  tyjie  of  a re- 
sist, an  arduous  and  time-consuming  task,  the  radiation  behavior  of 
that  polymer  siiould  be  reviewed  if  it  lias  betin  previously  investigated. 

If  it  hasn't  been  studied  at  the  basic  level,  it  is  probably  time- 
efficient  to  do  one  or  more  of  the  measurements  described  in  Radiation 
l.ffects  and  Measurement  Techniques,  than  to  proceed  to  direct  testing,. 

This  is,  in  fact,  how  ri-sist  research  at  KTiiDl,  is  carried  out.  The 
basis  for  several  of  I he  e-beam  resists  utilizc’d  today  can  be  found  in 
the  basic  pol^Tner  radiation  cliemlstry  papers  j'>u!)lishcd  between  1958 
and  1973. 

Wall  (8)  and  Miller  et  al  (9)  observed  very  early  that  vinyl  poly- 
mers of  tlie  form -^CIi2-tl(X) Y-)-,  where  X nor  Y is  hydrogen,  degrade  pref- 
erentially when  subjected  to  ioni/.ing  radiation  in  vacuo.  Polymethyl 
methacrylate  (PiiMA) -{■('.H2-C(Cllq)C02CHq)-,  a hig.b-resolution  positive  i'- 
benm  resist,  is  an  cxami)le;  PMMA  lias  a value  of  1.3  (10),  a Gj; 
value  of  zero  (11),  a G(G02Cn.i)  of  1,0  (T2),  and  Q is  5x10“-’  C/cm2  (13). 

Although  PM.'!A  is  capable  of  high  resolution,  its  sensitivity  Q is  too 

low  for  commerical  utilization  in  KBL.  • 

Our  approach  to  tlio  development  of  a more  sensitive  positive  re- 
sist is  to  retain  the  basic  known  ilegrading  structural  un  it  -tCll2-G(.X)Y)-, 
but  to  replace  the  X or  Y group  (e.g.,  Cllq  for  PMMA).  By  substituting 
elect  ron-wl  t hdrawing.  or  i- 1 ecL roneg.at  ive  groujis  at  X or  Y,  we  hopiid  1 1' 
weaken  the  energy  required  for  deg.radation  and  to  Increase  resist  sen- 
sitivity. This  effect  is  found  experimentally  for  molecular  org.anics. 

The  C-G  bond  energy  in  GII3-CO-GO  -GH  j , for  example,  is  60  kcal/mole, 
compared  to  83  kcal/mole  for  II3C-CII3;  the  electronegative  oxygen  sub- 
stituents on  the  c.'irbons  i-eiluce  tlie  C-G  liond  energy  by  287,.. 
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Fo]  lowing  tltiB  polymer  sc-lcclLuii  criterion,  fcnr'  bnsic  vinyl 
polynu'i's,  ])0 1 y (r.H'lhacry  1 on  i L r i 1 e)  (I'MCX)  -(Cll2-C(Cll3)  ('N')-,  po]y(metliyl 
alplia-chloro.icry  late)  (I’MCA)  -{Cll2-C(Cl  )C02Cll3^,  copolymer  l’(MCA-co-MMA), 
ami  copolymer  1’ (MCN-co-MCA)  , liavc  been  .sliulied  at  the  Ijasic  level. 

PMCN  I t present:;  a snbst  1 tnt  i('n  of  llie  Y snbstitnent  with  an  electron- 
wirlidrawinp,  cyano  (CN)  j’.roup  .nul  I’NCA  reine.scnt s a substitution  of  the 
methyl  (Cllj)  group  at  X with  electronegative  chlorim-  (Cl).  In  aihli- 
tion,  pel  y ( i solnit  y I mctliacrylal  e -{cil2-C(Cll  i)  CO2CH (013)2}-  was  stiulied 
to  determine  the  effect  of  the  bulky  ester  alkyl  g.roup;  poly(alpha- 
hydroxy  isobntyric  ac id) -(C(Cllj)2-COO)- was  selected  and  stndiid  to 
determine  if  tlie  polyester  im  i t -(COO-)- combi  ned  with  t lie  well-known 
degrading  quaternary  carbon  nn  it  -(C(Cll3)2)',  enhance  Gj;  or 

Q over  tiiose  vaUies  of  1’M.MA  reference.  Results  of  these  basic  radia- 
tion studies  are  found  in  Ttible  1. 

I’MCA  and  l’(MCA-co-MlIA)  are  seen  to  be  2-)X  more  susceptible  to 
radiation  degradation  than  rMMi\  (lA).  Higher  radiation  degradation 
suscejit  ibi  1 ity  is  also  observed  for  I’MCN  (15)  and  l’(MCN-co-MCA) . 

Direct  e-beam  testing  is  warranted  for  all  these  systems.  In  con- 
trast, poly (alpha-hydroxy  Isobutyric  acid)  (16)  and  poly (isobutyl 
methacrylate  (17)  wore  found  to  be  less  susceptible  to  railiation 
degradat  itui  than  I’MMA,  and  e-beam  testing  was  not  warranted. 

Similar  basic  radiation  studies  of  [io:;itive  resi.sts  poly(butcne- 
l-.sulfone)  (18),  ])o]y(isobutylene)  (10),  and  poly (alidia-methyl  :;ty- 
rene)  (20)  were  the  foundations  for  several  of  the  results  listed  in 
Tabl e 1 . 

E-11E/\M  RESIST  TESTING  RESULTS 
FosiLlve  Resists 

Negative  e-beam  resists  I'ossi'ss  lower  intrinsic  resolution  capa- 
bility than  iiositive  resists;  therefore,  the  ETDL  resist  program  has 
ilealt  mainly  with  positive  resist  devclo[>mcnt  — except  for  one  sys- 
tem (see  Neg‘>iive  Resist  Section).  In  addition,  negative  resists  ex- 
hibit strong, er  tendencies  to  swell  during  development  processing,, 
wliich  tends  to  leail  to  bridg,jng  of  written  features  and  resist  distor- 
tions (21).  Util  i r.ation  of  neg’.ative  resists  for  direct-write  c-be.am 
1 it  hog.raphy  in  the  submicron  domain  will  probably  be  excluded. 

Following  our  basic  radiation  studio:',  where  higher  G values  were 
observed  for  I’MCA  virsus  DMMA  reference  (lA),  wo  determined  that  I’MCA 
functioned  as  a more  sensitive  positive  resist  (22)  than  I’MMA.  In- 
formal col laborat ion  witli  Texas  Instruments  (Tl)  group  working  under 
ECOM  I'ontract  ?,'l)AAH07-75-C-l 2‘17  led  to  furthei'  testing  of  I’MCA;  Ti 
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TABLE  I.  G values  and  e-beani  sensitivities  for  known  positive  resist  pol>'r'.crs 
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foiiiul  till'  n-.sist  to  l>o  even  mori'  HoiisUtvo  tli.in  reportivl  l)y  KTDL  (‘ue 
Table  1).  'ibis  resist  is  currently  unJei>;oiny,  ailvanceil  device  produe- 
t ii>n  testinc,  under  I'KADCiiM  conttact  rMMr-7(i-C-S  lOS.  Altlionpb  this 
poIyiiK'i'  is  less  sens.itivi-  than  the  Hell  labs  licensetl  pol  y (hut  ene- 1 - 
snlioni')  resist  (sei’  Tabli'  1),  it  pv'ssesses  superior  tdielf-liti-  sta- 
bility, snl';;trati“  ailhi'sion,  and  ion-etch  "ilry-proci'ssinc,"  ci>mpat  ibi  I i- 
ty.  I’MCA  does,  ht'wever,  crosslink  to  some  c-xtent  as  ilet  erinined  by 
the  Cx=0.3-0.7  value  liem  the  basic  studies,  bet  this  di'es  not  r.eri- 
iHisly  impair  its  positive  resist  behvivii>r.  This  delicii'iicy  can  he 
overcome,  at  the  expi'iise  of  0^;,  by  ntilixation  of  the  l‘(Mt:A-ci>-MMA) 
coi'olyiiier  .sy::teni.  Tlie  basic  study  results  of  Table  1 show  that  Cj; 

1::  decreased  about  twoioKl  while  di'criMsed  about  ti'ulold.  I'h  i s 

explains  wliy  l.a  i et  .il  fl’J)  of  llonoyv,’i‘l  1 wiii-  able  to  observi-  lu-tter 
Q values  lor  their  P (MCA-co-MMA'l  copolymer  systems  than  for  their  MtlA 
hor.iopo I yiner  re^iist  sample,  Onr  earlier  basic  studies  with 
^(MCA-cc'-^l^IA')  helpiwl  lay  the  c.ronndwork  for  tlu'ir  results  and  they 
refi-renciil  our  study  {?•>). 

The  C values  of  Table  1 foi  1','K'N  and  T (NCN-co-MCA)  dii-ta.ted  di- 
rect e-beam  testlnp,  for  these  systems.  They  ate  found  to  functii'u  as 
sensitive  positive  resists.  See  I'ipau'o  ^ t*’’*'  sample  e-beam  eti'lied 
pattern:!  fi'r  these  systems.  I’re  1 ir.i  inary  mea.snrements  indicatt',  that 
Q is  4-8x10"^’  C/cm^  for  I'MCN  .iiui  1-7x10”'  C/cm  for  tlu'  Ci'polymer 
(70'/i  MCA  - '\0?f  MCM)  . IL  shouKi  be  emphasi /.ed  hi've  that  Q i .s  stronply 
it  function  of  development  pri'cesslnc, , and  that  those  procestii'::  require 
a considerable  amount  of  research  to  produce  ojit  imi  .•'at  ion . Followinp, 
our  leavl  into  the  MCN  polymer  resist  formulation  (73),  Hell  Labs  in- 
dependently reported  (7b)  that  P (MilN-co-MMA)  functions  as  a very 
sensitive  positivi-  e-beam  resist  (see  Table  1). 

Negative  Resists 

Positive  resists  act  as  hij’,li-i  esi'lut  ion  nei’.atlve  resists  when 
ovorexposcvl . The  doses  retiuire>i,  ht'wi’ver,  are  usually  1.3-7  orders 
of  majtnitude  hipher  than  iisual.  Po  1 y (a  1 pha-chl oroac ry  1 on i t r i 1 1-) 
(PACAN)  -4CH2-C(C  I )CN)-,  .in  earlv  P.TDL  test  positive  system,  clianjti's 
resist  behavior  at  s ij’n  i f i i-ant  1 y lov.’er  electron  charpe  viensities. 

The  Q value  at  10  keV  is  lound  in  T.iblo  II.  Althonph  PACAN  is  nc't 
as  sensitive  as  t lu'  hell  Labs  P(CMA-t  I'-L.A)  system,  it  is  more  sensi- 
tive than  the  T1  polystyrene  resist  (77)  and  is  capable  of  hiph 
resolution  (see  Fipure  7). 

PAC.AN  mur.t  crosslink  at  the  alph.i-chlorine  site  (i.e.,  the  X 
site).  Chilli  Ine  remov.il  (i.e.,  C-C 1 bond  cloavape)  evidonce  for  ir- 
r.uliatcd  poly(vinyl  chlor  ide)  -(■CIl2-C(Cl  )11H  and  Ponton 
‘-(lTl2-C(Cll2Cr)2-Cll2-0  4-  Is  well  established  (78,70).  Althouph  the 
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C-Cl  hoiKi  Is  wiMki't  til. Ill  till-  C-C  Imiivl  ill  t lic'so  pu  1 viiu’r.s , tliorf  is  I'vi- 
(.li'iu-o  tliat  t lu-  i-lihuliu-  ill  I’l-iiton  is  ili-avod  i'll  bv  a ilissiK- i.it  ivo 
I'lf,  t ton  i-ai'iiiii-  ii-aotiua  v,'hi,h  is  t lu  riisHlyn.iiu  toa  1 1 y i-ivor.iblo 

(JO).  Nopal  ivi-  ri'sist  bohivior  for  I’AlkiN  may  also  bo  fho  rio.iili  of  a 
low  plass  tr.msit  iini  l ompoiMt  tiro  , i . It  is  not.iblo  that  st  t tut  lira  1 1 > 
slmil.ii  I’M.MA,  I’MCA  aiul  I’MC.N  all  h.ivo  t v.iluos  .ibt'Vo  100  C aiul  iho 
c It'S;,  t i Ilk  iiip  roa^'lli'iis  fi'r  tlu'so  pi'tyiin'is  aro  sliony.ly  siipprossotl . 

TAbl.r  11.  Noj’.at  ivo  o-boaiii  losist  sons  i I i v i t ios  fur  ftnii  ropi  osont  at  i \ 
syst  oms . 


o 


Kisist  S vs  tom 

0 at  10  kV,  C/Cnr 

l.ab 

I’oJyst  vrono 

1 

1 

1 

1 

1 

TACAN 

bxur'’ 

inob’' 

}'(CMA-oo-S) 

5x10“^’ 

l!KC'':151l.“ 

r((;M\-oo-i'A)  (cor) 

/.xlO'^ 

BTi,‘' 

Tox.is  In.striimonts 

''k  loo  t run  i os  Toohnolopy  .nul  Dovioos  l.ab  (l'.loM)COM) 
''Honoywoll  Corporal  o Koso.iroli  Contov 
boll  Labs 


UESIST  SUMMAKY 

Only  two  o-boam  rosist.s,  ono  nopat  ivo  (COP)  anO  ono  I'lisiliv  i- 
(po  I y (blit  ono- 1 -sii  1 f oiu  ) ^ , art'  ot'mmorc  i a il  y availabli'.  llu'so  two 
rosists  offer  hir.ii  sonsitivity,  but  aiu'  bosi't  with  inulos  i i .ibl  i-  piMpoi - 
tios  as  woli.  Tbo  host  posit  ivo  rosist,  oxo  1 iiti  inr,  son.s  i i i v i t v , is 
still  st.inOartI  I’MMA.  Tbo  I’l'lM.  posit  iv>.'  ti'St  svstoris,  I'MCA  .mil  r.'K.'N’, 
aro  not  t'pt  imi  ttoil  to  tbo  oxt  out  of  t lu’  I'.oll  l.abs  ot'i’.iraoro  La  1 lorists, 
but  prolimin.iry  tosulfs  aro  \i'ry  onoinirao,  I np  aiul  abv.ii  Oi',l  loslinp 
warrant  lal.  TMIW  aiul  !' (Mi'-A-oo-MMA)  ros  i sts  Iwivt'  hlj.lu'i  ion-t'ttb  ooia- 
pat  ill  i I i l ios  aiul  posst'ss  polontial  .is  viry-proooss  submioron  pi  o.bio- 
tion  resists. 
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Miii'ii  i li  rosf.ifi'li  is  Jit  i 1 1 ni>o>.h'il,  Imt  li  .tt  tin-  i'.isii.'  ;iiul 

pi  iniiict  ii-'ii  U'Vols,  to  iiujiui'  .U  t a iiir.u'iU  ol  a juiitf  of  losij.ts  w i t li 
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